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摘  要 
纳米材料在药物递送和疾病诊断中的应用将极大地改变现代医药产业的格
局。多孔二氧化硅纳米颗粒具有出色的生物相容性，独特的孔道结构和简单可行
的表面修饰方法，特别适合于可控药物递送系统及诊断治疗多功能纳米颗粒的构
建，目前在生物医学领域得到了广泛的关注。本论文以二氧化硅纳米颗粒为主要
研究对象，结合金纳米颗粒、可断裂连接键、荧光染料及药物分子等其它结构单
元，设计合成了多种荧光纳米探针、可控药物递送系统和多功能纳米颗粒。 
本论文共分为四章，包含以下主要研究内容： 
第一章为前言，在分类介绍载药纳米材料的基础上，从纳米载药系统的靶向
策略、基于刺激-响应特性的可控药物递送以及纳米载药系统的多功能化设计合
成几个方面进行综述，并提出了本论文的研究思路、内容和意义。 
第二章以二氧化硅及二氧化硅包覆金纳米颗粒为载体，将荧光染料分子通过
二硫键共价偶联其上，设计合成了一类对还原性巯基分子具有响应性的荧光纳米
探针。这类纳米探针可以在巯基分子的作用下，经过巯基-二硫键交换反应释放
出所连接的染料分子。利用荧光相关光谱分析或者荧光增敏测定可以实时监测以
上巯基-二硫键交换反应,初步验证了这类基于二硫键共价连接荧光团的纳米探
针体系在巯基分子检测和成像应用中的可行性。 
第三章设计合成了一类基于 AuNR@SiO2 的新型多功能纳米颗粒，其由多孔
二氧化硅壳层和金纳米棒内核构成。多孔二氧化硅壳层可以通过二硫键共价连接
的方式装载 DOX 分子，而金纳米棒内核可以强烈猝灭 DOX 的荧光发射并作为
暗场散射成像的造影剂。基于荧光测定的释放实验证明，AuNR@SiO2-SS-DOX-
PEG 纳米颗粒具有氧化/还原响应的药物释放和荧光活化特性。装载于二氧化硅
壳层中的 DOX 分子的释放和荧光活化由连接键与巯基分子发生巯基/二硫键交
换反应断裂所致。细胞毒性和荧光/暗场散射成像实验初步验证了这种多功能纳
米颗粒具有细胞内可控药物递送和双模式细胞成像的能力。 
第四章以 AuNR@SiO2 为纳米载体，将药物分子通过二硫/酰腙键共价连接
到多孔二氧化硅壳层内，构建了一类对细胞内源性的还原电势/酸性 pH 条件具
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有响应性的可控药物递送系统。通过测定药物分子脱离纳米载体时伴随的活化荧
光对各个体系的药物释放行为进行了考察。在二硫键体系中，不同还原剂作用下
的药物释放行为具有明显的差异；同时，不同分子量的药物在相同的纳米载体中
具有差异显著的装载和释放特性。而在酰腙键体系中，H+（即酸性 pH 条件）能
够更加快速有效地触发 DOX 分子的释放。此外，纳米载体的二氧化硅壳层厚度
和巯基修饰密度对其药物释放速率没有显著的影响，但可以作为调节药物装载量
和释放剂量的控制因素。 
最后，对本论文的研究内容进行了总结和展望。 
 
关键词：荧光；多功能；纳米材料；药物释放
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Abstract 
The application of nanomaterials in drug delivery and disease diagnosis is widely 
expected to change the landscape of modern medical and pharmaceutical industries for 
the foreseeable future. Mesoporous silica nanoparticles (MSNs) have gained much 
recent attention for biomedical application. Three characteristics of MSNs make them 
particularly suitable for the construction of controlled drug delivery system (CDDS) 
and theranostic multifunctional nanoparticle: significant biocompatibility, unique 
mesopores, and easy functionalization. In this thesis, we have designed and prepared 
several types of fluorescent nanoprobes, CDDSs and multifunctional nanoparticles with 
MSNs as primary nanoplatform, in combination with various other building blocks 
including gold nanoparticles, cleavable linkages, fluorescent dyes and drug molecules.  
The dissertation consists of four chapters summarized as the following. 
Chapter 1: We first introduced in general the nanoparticle types used in drug 
delivery and the targeting strategies of CDDS. Then, the design and preparation of 
stimuli-responsive CDDSs and multifunctional nanoparticles were reviewed in brief. 
The research objectives, contents and significance of this dissertation were proposed at 
the end of this chapter. 
Chapter 2: Several thiol-responsive nanoprobes were designed and prepared by 
coupling fluorescent dyes (rhodamine-B or fluorescein) on silica nanoparticles (NPs) 
or silica-coated gold NPs through a disulfide linkage. The release of fluorescent dyes 
from these nanoprobes in the present of thiol reagents (DTT or GSH) was investigated 
by using the fluorescence measurement or the fluorescence correlation spectroscopy 
analysis. These studies preliminary proved the feasibility of the utilization of such 
disulfide-based inorganic nanoprobes for intracellular thiol detection or imaging. 
Chapter 3: We designed and prepared a theranostic multifunctional nanoparticle 
based on mesoporous silica coated gold nanorods. The mesoporous silica shell was 
covalently loaded with DOX through disulfide linkages, while the gold nanorod core 
could strongly quenched the fluorescent emission of DOX molecules and also used as 
contrast agent of dark-field scattering imaging. The property of redox-triggered DOX 
release along with vigorous fluorescence activation of the Au@SiO2-SS-DOX-PEG 
system has been demonstrated in vitro. The release of DOX molecules was caused by 
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the cleavage of disulfide linker through the thiol-disulfide exchange reaction. MTT 
assays and fluorescence/dark-field scattering imaging with Hela cells further proved the 
multifunctionality of the Au@SiO2-SS-DOX-PEG system for synchronous drug 
delivery and dual-model cell imaging. 
Chapter 4: We designed and prepared a type of intracellular stimuli (reduced or 
acidic condition) responsive CDDSs by covalently loading drug molecules into the 
mesoporous silica shell of the Au@SiO2 nanocarrier through disulfide or hydrazone 
linkages. The release kinetics of drug molecules from each delivery system were 
studied by fluorescence measurement. It was found that the nature of the reducing 
reagents played a critical role in the DOX release rate; and the molecular size of the 
drugs also affect their loading and release behavior from the same nanocarrier. By 
contrast, the acid-promoted release of DOX from the hydrazone system was found to 
be more efficient than that from the disulfide system. In addition, neither the shell 
thickness nor the thiol density of the nanocarrier showed significant effect on the drug 
release kinetics. 
Finally, the main research contents of this dissertation were summarized, and the 
prospection of the future work was discussed. 
 
Key words: Fluorescence; Multifunction; Nanomaterial; Drug release
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第一章 纳米材料应用于药物递送的研究进展 
1.1 引言 
纳米技术是一门在原子和分子尺度上对物质进行加工、设计并研究其组成、
特性的应用科学。纳米医学，即纳米技术在医学领域的应用，旨在利用在大概 1-
100纳米尺度下精确设计加工而成的材料来发展新颖的治疗和诊断模式。纳米材
料与相同组成的块材相比，具有许多优异的物理化学性质，如超小的尺寸、更大
的比表面积和更高的表面活性等。利用这些特性，纳米材料可以在根本属性上改
良传统的治疗和诊断试剂，如溶解性、扩散性、血液循环半衰期、药物释放特征
和免疫原性等，克服传统药物的许多固有缺陷[1]。 
在过去几十年里，纳米技术和材料在药物递送中的应用与发展，给医学领域
带来了一场深刻的革命[2]。油脂囊泡作为开创性的纳米药物递送载体之一，在
19 世纪 60 年代由英国血液学科学家 Babraham 提出，后来被命名为脂质体
（Liposome）而广为人知[3]。随后，各种各样的有机和无机纳米材料涌现出来，
被用于新型药物递送系统的研究。作为可控药物释放的先例，Langer 在 1976 年
描述了生物活性大分子在聚合物纳米载体上的超长周期缓慢释放[4]。更为复杂
的药物递送系统，例如能够对 pH 变化作出响应并触发药物释放的脂质体载药系
统[5]，以及能够实现细胞特异性靶向药物递送的抗体修饰-脂质体载药系统[6, 7]，
均在 1980 年第一次见诸报道。为了减弱内皮网状系统对外来纳米载药粒子的免
疫清除作用，Allen 等人用特殊的磷脂分子对脂质体进行修饰改良，在 1987 年首
次报道了长循环-脂质体载药系统，并被形象地命名为“隐形脂质体”（Stealth 
liposome）[8]。紧随其后，聚乙二醇（PEG）在 1990 和 1994 年被分别用于脂质
体[9]和聚合物[10]的改性修饰，有效延长了这些纳米载药系统的血液循环周期。
聚乙二醇修饰（PEGylation）技术的发展也为 Doxil（都可喜，阿霉素长循环脂质
体）的研发铺平了道路，使其在 1995 年成为第一个获得美国 FDA 批准的纳米
载体药物。根据欧洲科学与技术观察所（ESTO）在 2006 年完成的一份全球纳米
医学发展调查报告[11]，截至2004年已有24个纳米治疗产品获批投入临床使用；
而有更大数量的纳米载体治疗试剂处于临床试验阶段及临床前开发当中[1]。 
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